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The electronic properties of the crystalline phases of the&SSbl,S system are investigated both experi-
mentally and theoretically. Experimental data obtained by x-ray photoelectron spectroscofyfSincss-
bauer spectroscopy are reported and analyzed from tight-binding calculations, which are used here because of
the complexity of the materials. The main features of the x-ray photoelectron valence bandskggd S
emission spectra are identified. The binding energy of thes$, 2ore level is found to decrease from,Sh
to TI,S in agreement with the variations of the calculated S charges. We show tHat3heMossbauer isomer
shift and the surface of the prepeak observed in x-ray-absorption spectra at the &lge can be linearly
correlated because they are both strongly dependent on thes @teétron population. Finally, analytical
expressions of the numbers of Sb and S valence electrons are derived from simple molecular calculations.
These expressions provide rather simple explanations for the observed main trends in the variations of the
experimental results in terms of local structural chan{®6163-18207)06543-0

I. INTRODUCTION contribution of the Sb § states to the conduction bands of
the glassy and crystalline compounds of the,%s

Ternary chalcogenides of thallium form an interestingSh,S;-TI,S systent® The XAS spectra exhibit a prepeak at
family of materials because of their potential optoelectronicthe absorption edge, which has been attributed to thesSb 5
applications. Many studies concern layered compounds ofmpty states. The prepeak amplitude is found to increase
the form TIAB,, whereA stands for an element of columns from ShS; to Tl;SbS indicating an increase in the contri-
[ll or V and B represents a chalcogen. For example physicabution of the Sb § empty states. The B3 x-ray-emission
properties of TIing? TlinSe,, % TIGaS,?® TIGaSe,**  spectroscopyXES) has been used to investigate the § 3
and TISbS (Ref. 5 have been extensively investigated be-valence-band staté$. The XES spectra are formed by a
cause of the structural anisotropy of these materials. There lsroad asymmetric band. The width of this band decreases
also a particular interest for compounds of the formand a well-resolved shoulder occurs at the low transition-
TI;AB;.% For example, YAsSg has been proposed as a energy side with increasing content of Tl atoms. The results
candidate for nonlinear optical and acousto-opticobtained from these two experiments have been qualitatively
applications. The interesting results obtained for these twoexplained from changes in the local environments of Sb and
classes of materials suggest further investigations in othe® atoms, respectively.
thallium chalcogenides. In this paper we report new experimental results obtained

This paper concerns the crystalline phases of thdy x-ray-photoemission spectroscopiXPS and ?Sb
Sh,S;-Tl,S system. Previous works have unambiguouslyMossbauer spectroscopy. These results as well as those ob-
shown the existence of four ternary crystalline phasés: tained by XAS and XES are discussed from a tight-binding
TIShsS;, TISh;S;, TISbS, and TESbS. Their structures are  method. This approach is used here because of the complex-
rather complex showing different crystallographic sites fority of the crystalline phases of the system,SBTI,S. In
each of the three atoms. The Sb atoms are found to be suaddition, tight-binding theory has been shown to provide cor-
rounded by three, four, or five S atoms as nearest neighboreect variations in the electronic properties of very different
The local environments of the Tl atoms are more complex irmaterials including chalcogenid&s:X° The main features of
relation with their ionic character. From the chemist's pointthe valence bands obtained by XPS anK & XES are ana-
of view, addition of TS to SBS; increases the covalent lyzed from the contributions of the atomic orbitals. Varia-
character of the Sb-S bonds and decreases the ionic charactens of the core-level binding energies measured by XPS are
of the TI-S bonds. This can be related to changes in théound to be consistent with changes in the calculated atomic
dimensionality of the antimony compounds from,Skh  charges. Finally, we show that variations of tHéSb Mass-
which is a chainlike compound to 8bS, which can be bauer isomer shift and the surface of the prepeak observed in
described by a three-dimensional netwdtk. XAS spectra at the Sh,,, edge can be correlated because

The electronic properties of the ternary compounds havéhey are both strongly dependent on the Stekectron popu-
been partially investigated. The x-ray-absorption spectrostation.
copy (XAS) at the SbL,, edge has been used to study the We focus our interest on the effect of structural changes
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TABLE |. Space groups and numbers of atoms per bkjlof the crystalline phases of the S-TI,S

system.
Sh,S:? TIShsSs? TISh,SE TISbSA TI;ShS® TI,S
Space Orthorhombic ~ Monoclinic  Monoclinic ~ Triclinic  Rhombohedral =~ Rhombohedral
groups Pnma Pn R,/c P1 R3m R3
Nat 20 56 36 16 21 81

8Reference 20.
bReference 8.
‘Reference 9.
dReference 10.
®Reference 11.
'Reference 21.

in the local environments of Sb and S atoms onto the elecsps trigonal pyramids and two ShSquare base pyramids
tronic properties. Molecular calculations are proposed in orconnected by threefold coordinated S atoms. ThSStnits
der to relate the numbers of valence electrons for these twgre |inked by twofold coordinated S atoms and form the
atoms to their local environments. Considering only the mairtSbASG)n chains. There are two and three distinct crystallo-
interatomic interactions we have derived simple analytical raphic sites for Sb and S, respectively. TISHs formed by
expressions that are able to explain the main trends in th bSy),, double layers parallel to the01) axis® There are
local electronic properties in terms of atom coordination,[en diff(narent crystallographic sites for the St; atoms, which

numbers and bond lengths. . . ) ;
: . are in very distorded octahedral environments and are in fact
Section Il concerns the synthesis and some structural as-

pects of the crystalline phases of the;SETI,S system. Ex- surrounded by three,.four, and five S atoms as nearest neigh-
perimental aspects of the XPS and $8bauer measurements bors. There are 16 sites for the S atoms, which are strongly
are given in Sec. lll. The tight-binding scheme used in thisboundeOI to two or three Sb atoms. T_he layers are connected
paper is detailed in Sec. IV. The experimental data are re2Y 10ng Sb-S bondg>3.37 A and via Tl atoms. The TI
ported and analyzed in Sec. V. The observed main trends {#l0MS occupy two different crystallographic sites and are
the variations of the local electronic properties are discussegurrounded by more than eight S atoms, suggesting a strong
in terms of the Sb and S environments from simple moleculonic character for the TI-S bonds. Tis® is a layered

lar calculations in Sec. VI. Finally, Sec. VI is devoted to compound’ There are one, three, and five different crystal-
conclusions. lographic sites for Tl, Sb, and S, respectively. Two Sb sites
are surrounded by three S atoms in trigonal pyramidal envi-
ronments, the third Sb site forms a trigonal bipyramid with
four S atoms. These Sh&nd Sb$g units form infinite layers

The crystalline phases of the §Sig-Tl,S system were pre- connected by the longest Sb-S bonds of the bipyrait#&5
pared by direct synthesis in fused silica tubes evacuated t&). The Tl atoms are found in the layers and are surrounded
about 10° Torr. ShS; was obtained from high-purity Sb by eight S atoms. TIShSis a layered compountf. Each
and S elements heated to about 600 °C for about 1 week andyer is formed by covalent chains containing Sb and S at-
then slowly cooled. TS was prepared from Tl and S ele- oms which are linked together by long Sb-S boit@s A)
ments under Ar atmosphere in order to avoid oxydation. Thend ionic TI-S bond$3.4 A). The chains are built up from
melt was heated during 3 days and slowly cooled. TISbSShS, distorted trigonal bipyramids connected by two twofold
and TESbS were obtained from T5 and SkS; heated dur- coordinated S atoms. There are two, two, and four different
ing 3 days at a temperature of about 500 and 600 °C, respecrystallographic sites for Sh, TI, and S, respectively. The
tively. TISh;Sg was obtained from Si§; and TISbS at a  structure of T{SbS can be described by a hexagonal close
temperature of 380 °C for 3 weeks followed by a slow cool-packing of Tl and S atoms with intercalated Sb atdfrihe
ing. For TISRS;g a glass with the same composition was firststructure is rhombohedral and each atom occupies one crys-
prepared by quenching a melt of Shand TkSbS; in water.  tallographic site. The Sb atoms are surrounded by three S
The crystalline phase was obtained by annealing the glass atoms as nearest neighbors that form gio§onal pyramids.

254 °C for 3 weeks. All the compounds were finely groundedThe Sb$ units are linked together by S-TI-S bridges and
for the experimental studies and their structures were corform a three-dimensional network because of the partial co-
trolled by x-ray diffraction. valent character of the TI-S bonds.,Jlis a distorted hex-

All  the crystaline  structures have  been agonal close-packed arrangement of Tl atoms in which the
determinef112021and the main informations used for the octahedral intertices between pairs of planes of Tl atoms are
analysis of the experimental data are reported in Table loccupied by S atonfs. The structure is rhombohedral. There
This table shows that the structural complexity of the mateare six and five different crystallographic sites for Tl and S,
rials is mainly due to the great number of atoms per unit celrespectively. The Tl atoms are surrounded by three S atoms

1. SYNTHESIS AND STRUCTURES

and to the low lattice symmetry.
Sk,S; is a ribbonlike material formed by ($8s), chains
parallel to thec axis?® The ShS; units are formed by two

at distances in the range 2.5-3.3 A, suggesting a more cova-
lent character for the TI-S bonds in,8l than in ternary
compounds.
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and analyzed with an electrostatic hemispherical analyzer in

IS T IS the FAT (fixed analyzer transmissipmode. The spectrom-

S s s N eter resolution was estimated from the Ads3 energy to be
ya V4 v 0.8 eV. Since our compounds are insulators, a charging ef-

s l s l fect was observed that induced a shift of the photoelectron
spectra towards a higher binding-energy scale. This effect

SbS, sbS, sbs, was corrected by shifting the binding-energy scale in order to

set the C % peak due to the superficial hydrocarbonated

FIG. 1. Schematic description of the basic Sh@its found in ~ Contamination to 285.0 eV. In these conditions the origin of
the crystalline phases of the S5 TI,S system. The units are trigo- the binding-energy scale corresponds to the Fermi level of
nal pyramids Sb$ trigonal bipyramids ShS and square base pyra- the sample. In the case of samples containing Tl atoms the
mids Sbs. excitation of the Tl 83/, 5;pcore levels at binding energies of

about 13-15 eV by Mg Kk satellite lines, namely, K3,

The previous description of the crystalline structuresKa’, and Kay,, gives lower-intensity peaks that are precisely
shows that the local environments of the Sb atoms can bkcated in the energy range of the valence band. Conse-
described by ShSunits with n=3 (trigonal pyramids n  quently, a correction was achieved to subtract these contri-
=4 (trigonal bipyramidy andn=5 (square base pyramids butions from the total photoelectron spectra. Because the
(Fig. 1). The numbers of ShSunits and the average Sb-S samples were powders and due to the low values of the pho-
bond lengths of the antimony compounds studied in this patoemission cross sections for Sb and Tl valence states, we
per are giVen in Table 1. It iS WOI’th noticing that the Values Obtained XPS Valence_band spectra of |OW intensity_
of the average Sbe bond Iengt_hs are close to the sum of the The 1215y Mssbauer spectroscopy measurements were
covalent radii defined by Pauliffy(2.4 A). The average performed with a Elscint AME 40 spectrometer at liquid-
Sb-S bond length decreases from 2.62 Af8pto 243 A o) temperature for both the absorber and the source. A
(Tl3Sbs), suggesting a slight increase in the covalency ofgqg ,cj source of 37.2 keVy rays was obtained from Ba
the Sb-S bonds with increasing,¥l content. The values of 121510,. The absorbing materials were obtained from pow-

the average TI-S bond lengths are close to the sum of th X . . . _
ionic radii defined by Paulirg (3.3 A) and decrease from 'ﬁaei:]?r?gssg)[r)cl)i?mn;lt)éi? 1Wr';z /gﬁt'ﬁzf;}s‘s I{E'grf:zz:(r:]tcrjac\?vgre
3.25 A (TIShS;) to 2.87 A (ThS), suggesting a decrease in recorded during one day for a good signal-to-noise ratio. The

the ionicity of the TI-S bonds. In fact the situation is more ) L . g
complicated for T§SbS and TLS because the average TI-S velocity calibration was obtained by u'smg'E?aCo source and
& high-purity iron foil absorber. The Msbauer parameters:

bond lengths of 3.03 A and 2.87 A, respectively, indicate i -1 auer
partial covalent character for the TI-S bonds. This is consisiSomer shifté, quadrupole splitting\, and linewidthl” were

tent with the observed low coordination number for the TIobtained by a nonlinear least-squares fit of thesbtmuer
atoms in these two compoun@3-5 compared with the TI spectra 2\3N|th the computer program of Ruebenbauer and
coordination numbers in the other three ternary compoundBirchall:

(5-7). In the six crystalline phases the Sb@nits are con- The S KB XES measurements were c_arried out at LURE
nected by twofold and threefold coordinated S atoms in ordetOrsay, Francein order to probe the partial Sp3density of
to form covalent networks. states. The XAS spectra at the §h edge were recorded

using the synchrotron radiation of the DCI storage ri@y-
say, Franck Details on the measurements and a qualitative
discussion of the results can be found elsewf&té The

The XPS is used to obtain information on the bindingresults obtained from these two techniques are considered in
energies of the core levels and on the densities of statehis paper for a complete discussion in relation with the XPS
(DOY of the valence bands. The photoelectron spectra werand Mssbauer data. It is worth noticing that all the experi-
excited by using a Mg anode x-ray tubby=1253.6 eV) ments were carried out on the same powdered samples.

lll. EXPERIMENTS

TABLE Il. Average Sb-S interatomic distancéis A) and numbers of ShSunits (in parenthesgdor the
crystalline phases of the §&-TI,S system. The ShSunits are trigonal pyramids Sh&p), trigonal bipyra-
mids Sbg (tb), and square base pyramids $kSp). The values of the Sb coordination numbers and the
Sb-S interatomic distances averaged over the different, 8hs are given byn,, andd,(Sb-S), respec-
tively. The average TI-S distance is given thy/(TI-S).

tp tb sp Ny d.(Sb-S) d.(TI-S)
SbS; 2.53(1) 2.70(1) 4 2.62
TIShsSg 2.48(6) 2.62(3 2.67(1) 35 2.55 3.25
TISb;Sg 2.50(2) 2.61(1) 3.33 2.54 3.17
TISbS, 2.60(2) 4 2.60 3.17
TI;SbS 2.43(1) 3 2.43 3.03

TI,S 2.87
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IV. THEORETICAL APPROACH terms of the diatomic molecular interactiosso, spo,

. . o, andpp obtained by empirical rules. Harrisbhhas
We propose an analysis of the experimental data based d)rﬁ)posed ad~2 rule, whered is the interatomic distance,

a tight-binding scheme following the procedure of Slater and” . : !
Koster? This approach can be easily applied to complexWh'Ch provides correct electronic structures for covalent ma-

systems and has been shown to provide correct rends in €25 T B PERIER B SRR S8 SRR
electronic properties of chalcogenide materfafd® The : 9

2
onelecton Seiinger equaon s soved by deveopng 1% S1ON0Y 1 Sxpeced by e ane o betlr
the wave functions in a basis of Bloch orbitals that are writ- osed by Robertsol$ Be)(/:ause gc the bond-len gth distribﬁ-
ten in terms of symmetrically orthogonalized atomic orbitalsP ' by s ) ond-1eng
(Lowdin orbitaly. Because of the orthogonality of these tions in the chalcogenide materials studied in this paper such

pseudoatomic orbitals the energy levdélsand the wave an exponential scaling law is used here:
functions¥ are the eigenvalues and the eigenvectors of the )
Hamiltonian matrix, respectively. The dimension of the h ()= he gy %_a” daﬁ(l)_l)
Hamiltonian matrix is equal to the total number of atomic sl m Riﬁ "\ Rep
orbitals in the unit cell. A minimal basis set including va-
lences and p orbitals are considered in the present work.where R,z is the sum of the covalent radii for the atoms
Thus, the dimension of the matrix id\N4;, whereN, is the  « and g as defined by Paulinif,daﬁ(l) is the distance be-
number of atoms in the unit cell ranging from 16 for TIShS tween the atomsa and B, and #;; are the Harrison
to 81 for TLS. The elements of the Hamiltonian matrix can parameter$® 7., =—1.32 eV, Nspe=1.42 €V, npp,=2.22
be written as eV, npp-=—0.63 eV, anda;; = 3. Equation(3) was used to
evaluate the Sb-S and TI-S interactions with bond lengths
Ho =S ekReR-Rap () ) smaller than about 3 and 3.6 A, respectively. Interactions
i 4 iejp between more distant atoms have been neglected because of
their small values.
with The present analysis of the experimental data requires the
evaluation of the DOS and the atomic charges from the cal-
culated energy levels and wave functions. The partial DOS
for the orbital ¢, , is defined by

.

hia,jﬁ(l):f (Pika(r_Ra)H(PjB(r_RB_RI)! (2)

wherei, ] refer to atomic orbitalsg,p,,py,p,), R.,Rg are
the positions in the unit cell of the atoms denoteddogind nm(E)ZE [ @ial ¥ k)|25(E— Enk), (4)
B, respectively, andR, is the vector of the Bravais lattice nk ' '

between the unit cells where are located the atenasd 3, )
respectively. The summation in E(L) is performed over wheren andk denote band index and wave vector, respec-

several crystal cells because of the strong decrease &Vely- The sum runs over theM, bands fom and a grid of
hia,js(l) with R . points in the first Brillouin zone fok. The total DOS is

Following the idea of Slater and Koster the integralsoPtained by summation of the;,(E) over all the orbitals

hisjs(l) are not calculated but considered as adjustabléia -
tight-binding parameters. Two types of parameters are usu-
ally distinguished: the intra-atomic parameters that concern
orbitals located on the same atghs+ 1, =) and the inter-
atomic parameters involving orbitals on different atoms.

As a first approximation, the values of the free-atom en-The densities of states obtained from E@. and (5) are
ergy can be used for the intra-atomic termg;,(l). How-  convoluted with a Gaussian of width equal to 1 eV for a
ever, large deviations are expected in some cases due to themparison with XPS and XES spectra. The number of elec-
orthogonalization procedure of the Wdin orbitals as tronsi on the atoma can be evaluated by integration of
pointed out previously for oxyde compountstor ShS; a n;,(E) over the valence band:
correct agreement between the XPS spectrum and the calcu-
lated DOS is obtained with the values of the free-atom en-
ergy evaluated by Hermann and  Skillm&n: Nio=2> (@ialthn i)l (6)
Ess(S=-20.8eV, Ezp(S=-10.27 eV, Ess(Sh=—-14.8 nK
eV, andEgp(Sh=—7.24 eV. For TJS the following intra-

n(E>=nEk S(E—Ep ). (5)

Finally, the charge on the atomis defined as the difference

atomic energies are used for Tl atonis(Tl)=—13.92 eV
and Ec,(T)=—4.61 eV. The Tl 5 level has been shifted between the numbers of valencg electrons on the free atom
P Z, and on this atom in the solid:

downwards from the value calculated by Hermann and Skill-
man for a correct agreement between the XPS valence band
and calculated DOS. These intra-atomic parameters that pro- Q.,=Z —E N: @
vide correct DOS for SJ$; and TLS have been transferred to @ Te & e
the ternary compounds.

A two-center approximation is considered for the evalua-where the summation runs over the valence orbiigls of
tion of the interatomic termk;, j4(1), which are written in  the atoma.
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FIG. 2. XPS valence banttotted ling, S KB XES spectrum, FIG. 4. XPS valence ban@otted ling, S KB XES spectrum

and calculated DOS for $8;. The total DOSn(E) and the partial ~@nd calculated DOS for TISBg. The total DOSh(E) and the par-
DOS for Sb and S atoms are shown. For the partial DOS the dashdt®l DOS for Sb, Tl, and S atoms are shown. For the partial DOS the
and so”d |ines Correspond mandp statesl respective|y_ dashed and SO“d I|nes Corl‘espondstandp StateS, respect|Ve|y.

V. RESULTS AND DISCUSSION peak for energies greater than5 eV labeled Il (Fig 2).

A. Valence bands Similar results have been obtained by Leonhastial?’

The XPS valence bands, SIKES spectra and calculated From the partial DOS one can see that the lower-energy part

. : of the peak | labeled la has a strong S Gharacter. The
DOS of the six crystalline phases of the,SpTI,S system . .
are shown in Figs. 2—7. The origin of energies is taken at th Upper energy part Ib has a Sb 8haracter due to interactions

top of the calculated valence bands. Except fosSstihe Between this orbital and the sulfur valence orbitals. The peak

XPS valence bands are plotted for energies greater-tHah ger':\?vsesnsg 0; %nsd igh%r%(;tbeitraﬁg?lt Iarlt)asbuulf[shfarlgn;l;rgeare}gglzrjs
eV since the Tl 4 core level at about-15 eV hides the

lower part of the valence bands. The XPS valence bands aEaalr charactefllb). The shoulder llc is due to interactions

compared to the total DOS and analyzed from the partia etween S g and Sb 5 orbitals. The XES spectrum shows

. a broad and asymmetric band that reflects thepSpartial
882 The XES spectra are compared to the (S patial DOS. The main contribution comes from the 8 Bne-pair

The valence-band spectrum of ;Sh exhibits a broad states(~—1 eV). The asymmetry of the XES band is due to

- . interactions between Sp3and Sb % orbitals (~—4 eV).
band betweer-16 and—6 eV labeled | and an asymmetric Because of its strong Sp3character the main peak Il of the

. . . . XPS spectrum is similar to the XES band.

. -'L- ',"... 1T
R A . . . \ :
X . 1'.';,..\
IIa s - XPS ;"'ﬁ ; K3
o ™ g B
nE) N Y I b
a .w
n(E)
XES

723

Tl N\ Tl
/ \ —_-

Il 12 A W ST ]
-15.0 -11.0 -7.0 -3.0 1.0

Energy (eV) Sb

IR il S T r— — O I
FIG. 3. XPS valence bangtotted ling, S K8 XES spectrum 100 -80 -60 -40 -20 00 20
and calculated DOS for 8. The total DOS(E) and the partial Energy (eV)

DOS for Tl and S atoms are shown. For the partial DOS the dashed
and solid lines correspond ®andp states, respectively. FIG. 5. Same as Fig. 4 for TISEs.
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‘ : : : : TABLE lll. Binding energies and full widths at half maximum
| o, (in parenthesg=of the S 23, Tl 4f,, and Sb 45, core levels
\“v XPS N,-"‘"" & measured by XPS. All values are given in eV.
Sy A g .
~ b ‘\w S 2p3/2 TI 4f7/2 Sb 4d5/2
I
‘ Shs, 161.3(1.6) 33.1(1.4
(E) TIShS, 161.3(1.7) 118.2(1.6) 33.1(1.6
TISh;Ss 161.2(1.6) 118.1(1.4) 33.0(1.5
XES TISbS, 161.1(1.5 118.1(1.3 32.9(1.2
‘5__1_‘_/\_ TI,SbS 160.9(1.5) 118.2(1.5) 32.9(1.2)
‘ - __ _______ TI,S 160.3(0.7) 117.8(0.9
Tl o~
The XPS valence band spectra of the ternary compounds
Sb o show an asymmetric and featureless broad band for energies

greater than-6 eV labeled I(Figs. 4—7 similar to that ob-
served for SES; in the same energy range. The width of this

band is found to decrease with increasingSTtontent. The
XES spectra also show an asymmetric and broad band which
follows the same trentf The XES spectrum of E5bS ex-

The XPS valence-band spectrum o§Slis shown in Fig.  hibits an additional small peak at aboub eV and looks like
3 and is similar to that obtained by Porte et Tranquiithe  that of T,L,S whereas the XES spectra of the other ternary
valence band is formed by two peaks at abe6tand—2eV ~ compounds are similar to that of §). The partial DOS
labeled I and II, respectively. Peak | has a H éharacter  show that the main band | of the XPS spectra BaS P
resulting from interactions between Ts@nd S P orbitals.  character. This band results from interactions betweemp S 3
Peak Il has a strong Sp’ﬂch.aracter due to weak interactions 5,4 gp ® orbitals for energies at about3 eV (la) and
between S B and Tl €p orbitals(lla) and between SgBand ¢, hibits a S 3 nonbonding character for energies at about

II26S\(/)rbit3Is(llrk]J). Lhe XtESbsp?é:trl\J/sthhowsta matin btand al_1 eV (Ib). We explain the decrease in the widths of the
€V and a shoulder at abouts ev. 1hese two SIUCIUres -, i, xpg ang XES peaks from TISH to TI;SbS by the
occur at the same energies as the two main peaks | and Il cﬁl . ; ; .
the XPS spectrum and correspond to thepseBntribution of ecrease in the amplitude of the DOS structure la in relation
P P with the decrease in the number of Sb-S bonds. The observed

the states involved in these two peaks. It is worth noticing

that the two peaks observed in the XPS valence band ha@oulder in the XES spectrum of sBbS at about—5 eV is

nearly the same amplitudes whereas the structures of tifatfibuted to interactions between $ &nd Tl 6 orbitals.
XES spectrum have very different intensities since only the! "€ small influence of the Ti$states in the XES spectra of
peak Il has a strong Sp8character. Finally, the peak due to the other ternary compounds can be explained by the small
the S 3 states, which is predicted at aboutl4 eV is not  Values of the TI-S interactions compared with those of the

seen in the XPS spectrum because it is hidden by thedTl 4 Sb-S interactions and by the low value of the rafio]/[Sh]
core level. which varies from 0.2 for TIS{5; to 1 for TISbS. The ab-

sence of a well-resolved peak in the XPS spectra for the Tl
6s states should be related to the low value of the free-atom
| RO photoemission cross section for these states compared to

FIG. 6. Same as Fig. 4 for TISBS

Xes those of the other atonfS.
R : '.'.,
la N B. Core levels
n(E)
The values of the binding energies and the linewidths of
XES the S 2y, Tl 4f,,, and Sb 4, core levels measured by
S XPS are given in Table Ill. One can observe a decrease in

the S Zg, binding energy,E(S), from ShS; to TI,S,
which suggests a decrease in the sulfur charge. We have
Tl RN evaluated the charge®(S) on the S atoms from Ed5)
averaged over the different crystallographic sites. The values
of Q(S) are given in Table IV and a quasilinear correlation

Sb

=T

L

.

-100 80 -60 -40 -20 00 20

Energy (eV)

FIG. 7. Same as Fig. 4 for J3bS.

betweenE,(S) andQ(S) is obtained(Fig. 8. In order to
clarify the effect of the Tl atoms upon the S charges another
calculation was carried out which included ionic Tdations.
This was obtained by neglecting the TI-S interactions since
the Tl 6s free-atom energy level is located in the valence
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TABLE IV. Average values of the Sb$ N5g(Sb), S 3, N3g(S), and Tl &, Ngg(Tl), numbers of
electrons and average values of the atomic cha@geBhe values of the S charges obtained from calculations
including TI-S interactionsQ(S), or neglecting themQ’(S), are given.

Nss(Sb) Q(Sb) N3s(S) Q(S) Q'(S) Nes(T1) Q(T

SbS; 1.9446 1.47 1.959 —0.980 —0.980

TIShsSg 1.9380 1.43 1.956 —0.973 —1.013 1.992 0.63
TISb:Ss 1.9365 1.45 1.955 —0.985 —1.056 1.988 0.58
TISbS, 1.9358 1.43 1.953 —1.015 —1.191 1.990 0.60
TI;SbS 1.9250 1.37 1.954 —1.091 —1.431 1.991 0.63
TI,S 1.951 —-1.213 -2 1.991 0.62

band and the Tl p free-atom energy level in the conduction Sbh. Thus, the contributions of the different crystallographic
band. The results also show a decrease of the ch&@(8¥§ sites occupied by the Sb atoms cannot be detected and only
from ShS; to TI,S (Fig. 8). Significant quantitative differ- one site has been considered in the fitting procedure of the
ences with the previous calculation is observed especially fogpectra.

TI;SbS and TISbS. The charges on the Tl atoms decrease The values of the isomer shifi, the quadrupole splitting
when TI-S interactions are taken into account leading to am\, and the linewidtH" are given in Table V. The values af
increase of the S charges by an amount of abou{TI3ES],  are found in the range 10.8—12.7 mm/s suggesting a strong
where the brackets denote the atomic concentrations. ARnisotropy of the Sb local environments in agreement with
though the Tl atoms strongly influence the S charges it ighe structural descriptiofiTable 1). The low value ofl" for
worth noticing that both calculations predict the correctTl;SbS (1.2 mm/$ compared with the values obtained for
trends in the variations d&,(S). In addition, these two cal- the other antimony compound$.4—1.7 mm/sis consistent
culations provide similar values for the Sb charges indicatingvith the existence of only one crystallographic site for the Sb
that TI-S interactions have negligible effects on the elec-atoms in T4SbS.

tronic population of this atom. The values of the T4 and The values of the'?'Sb Mcssbauer isomer shifé are

Sb 4ds, binding energiegTable 11) do not vary noticeably ~characteristic of Sb™ cations® as proposed from a previous
and are found within experimental errais0.1 e\) except  structural analysi&? They are found to increase from &g

for the Tl 4f,, binding energy of TS, which is slightly (—6.03 mm/$to TI;SbS (—3.14 mm/$. In order to analyze
lower (0.3 eV) than the other values. The absence of signifi-the evolution ofé we consider the usual expressitin,

cant variations could be explained from the small changes in

the calculated atomic chargés0.1) and because Sb and Tl 0= anyd pa(0)—ps(0)], 8

are heavy atoms. where a,, ¢ is @ nuclear constang, and pg are the electron

densities at the nucleus in the absorber and in the source,
C. 1215h Mésshauer spectroscopy respectively. The nuclear constadf,. is a function of the
relative change in the radius of the nuclear states involved,

A typical ?'Sb Mcssbauer spectrum is shown in Fig. 9
v Ler Spectrum | w9 ° ARIR, which is negative for SB° Thus, the observed in-

for TISbsSg and rather similar spectra are obtained for the
other antimony compounds. They all exhibit a broad band

(=10 mm/3 due to the eight allowed nuclear transitions for —— T T T T T T
1.00
o 1612 | - 2 '
o I 2 096
B L L
80 r =]
T 1608 . -
8 2 i
g = 092
s = 0
g 1604 | . I
= i ~
1600 i n 1 A 1 " 1 n 1 1 1
14 -13 -12 -1.1 -10 088 | .
Q(S) | 1 L 1 - 1 . L n n 1 L L n L 1 L L L n |
-20.0 -10.0 0.0 10.0 20.0
FIG. 8. Correlations between the experimental values of the S v (mm/s)

2p3j, core-level binding energy and the charges on S calculated

with TI-S interactions (squarey and without TI-S interactions

(circles. 1, SbS;; 2, TIShS;; 3, TIShS;; 4, TISbS; 5, TI;SbS; 6, FIG. 9. 12iShb Mdssbauer spectrum of TISR. The velocity
TI,S. scale is referenced to InSb material.
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TABLE V. ?ISh Masshauer parameters relative to InSb. Values

of the Massbauer isomer shiff, the quadrupole splitting, and the ~ 1.0+
full width at half maximumI" are given in mm/s. ‘é r
; 08
6 A r % 06 - i
L L
SbS; —6.03 10.8 1.42 < 04 b i
TIShSg -5.09 12.0 1.55 fcg Bt
TISh;S: —4.57 12.5 1.70 o2t .
TISbS, -4.26 12.7 1.61 % ool 1
TI;SbS —-3.14 111 1.19 ’ . N L
1.92 1.93 1.94 1.95
Ns(Sb)

crease ofs from ShS; to TI;SbS; suggests a decrease of o ]
pa(0). Anaccurate evaluation of the electronic density at the FIG. 11. Variations of the surface of the first XAS peak at the
nucleus is rather difficult for solids with complex structures. bm €dge of Shin arbitrary unitg as a function of the calculated
However, variations ofp,(0) are mainly dependent on r_lumber of Sb_§ eIectronsNS(Sl?). The straight Ilne_ls o_btamed by
changes in the number of Sts BlectronsNs(Sb), and to a linear regression. The numbering is the same as in Fig. 8.
lesser extent on changes in the number of $betectrons, , )
Nsp(Sb). As a first approximatiop,(0) is expected to vary 2Nss s E) over the co_n_ductlon bar_1_d gives Ms,(Sb). We
linearly with Ns(Sb) 18 The tight-binding calculations give assume that the transition probability between the 692_2
No(Sb)~2 for the different antimony compounds but a core Ie_vel and the S_bSSempty states does not vary notice-
small decrease dfis(Sb) from ShS; to T1,SbS; is obtained ably with energy. This means that the surface of the observed
(Table IV). The observed linear correlation between the exXAS peak should vary as Rlss(Sb). We have evaluated the
perimental values o6 and the calculated values bk (Sb) surfaceS, of this peak from the XAS spectra by considering
confirms the main influence of the Sts Blectrons on the S boundary values, =0 for SS; andS,=1 for TIsSbS,.
Méssbauer isomer shifEig. 10). As expected, a linear correlation betyveen the \{aluespof
and the calculated values Ms4(Sb) is found (Fig. 11.
Since the'?’Sb Massbauer isomer shiftvaries linearly with
Nss(Sb), a linear correlation betweesy and & is obtained
The XAS at the SH_,, edge has been recently used tothat can be explained by the strong influence of the Sb 5
investigate the local structure in the crystalline and glassyglectrons upon these two experimental paraméeteis 12.
phases of the SB;-As,S;-Tl,S systemt® The electronic These results show that the combined application of XAS
transitions from the inner Sby,, core level to the Sb empty and *?!Sb Mdssbauer spectroscopy provides very interesting
states that obey selection rulés-type andd-type final information for the study of antimony compounds.
state$ were concerned. The spectra clearly exhibit a peak at

D. X-ray absorption spectroscopy

about 4137 eV whose the amplitude increases fropssio VI. LOCAL ELECTRONIC STRUCTURES

TI;SbS. This peak occurs at the absorption edge and can be

attributed to the empty Sbsbstates localized at the bottom A. Sb atoms

of the conduction band. In the preceding section it has been shown that tight-

The number of Sb & electronsNs(Sb), is obtained by binding calculations provide a correct analysis of the experi-
integration over the valence band of the partial DOS includmental electronic structures of the crystalline phases of the
ing the spin degeneracyn2, s E). Thus, integration of ShS;-TI,S system. The experimental results obtained by

XPS (core levely, XAS, and Mmsbauer spectroscopy have

35 | ] g o7
r =
> 08t
e : ] g
£ -4.5 % 0.6 -
(]
2=
2 04 -
55 L ] =
[
& o2t
i Zha!
-6.5 PN R 1 - .
192 193 194 195 =00 %

Ns(Sb) 65 55 45 35

. 8 (mm/s)
FIG. 10. Variations of the experiment®'Sb Méssbauer isomer

shift 6 as a function of the calculated number of Sk &ectrons FIG. 12. Linear correlation between the surface of the first XAS
Ns(Sh). The straight line is obtained by linear regression. The numpeak at thd_;,, edge of Shin arbitrary unit$ and the'?'Sh Moss-
bering is the same as in Fig. 8. bauer isomer shift. The numbering is the same as in Fig. 8.
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been correlated to the calculated numbers of electrons. In this Esp(Sb) —E3,(S)

section, we propose simple molecular calculations in order to Y= 28 , (12)
relate the electronic populations to the local atomic environ-

ments by simple analytical expressions. whereEs,(Sb) andEs,(S) are the intra-atomic energies and

We first describe the apprOXimationS used for the mOlecuzg denotes th@ po interaction between Sb and S atoms as
lar calculations of the electronic populations on Sb atomsgefined by Eq(3). Following the idea of Harrisdfi concern-
First, we only consider the dominapipo interactions be- ing sp® covalent semiconductors, the tem given by Eq.
tween Sb and S nearest nelgthI’S. The other molecular |ra11) can be viewed as the Sb-S bond po'arity neg|ecting the
teractions ¢so,spo,ppm) and theppo interactions be-  effects of thes orbitals. The termy is the ratio between the
tween the other pairs of atoms are neglected. Second, Weeteropolar termEs,(Sh)-E3,(S) and the homopolar term
take the Sb-S-Sb angles equal to 90°. In this case, the Sg which can both be compared to the two parts of the
atoms have less than three Sh nearest neighbors in orthogggerage band gap as defined by PhilfthsThis can be
nal directions and there are only interactions betweensb 5yiewed as a measure of the ionocovalent character of the
orbitals and combinations of SpSorbitaIS pointing towards Sb-S bond. Depending on the value pfthe p0|arity o
the Sb atoms. With these two approximations the crystal§aries between-1 and +1. These two values of’ corre-
behave as a set of isolated $h#iits with negative charges spond to complete electronic transféisnic bonds whereas
and TI" ions. The electronic structures of the ternary phasesor o=0 the bond is covalent. For the Sb-S bonds found in
are formed by the molecular levels of the Ghfdiits and the  the SbS molecules the polarity is of about 0.5.
atomic levels of Tt. The main effect of the other interac- In the same way, we can evaluate the contribution of the
tions is to broaden these levels into bands as obtained from8-Sh-S molecules to the number of Sp 8lectrons:
the tight-binding calculations of Sec. V.

As shown by Eq(6) the number of electronll;,, is ob- Nsp(SH"=1—a” (13
tained from the projection of the electronic wave functions
onto the atomic orbital;, . Since there are no interactions with
involving the Sb 5 orbitals in the present molecular model

we haveNsg(Sh)= 2. The evaluation oNs,(Sb) requires the % 14
i i a'= , 14
calculation of the wave functions for the Sp®olecules. In m

order to obtain a simple analytical expression y,(Sb)

the S-Sb-S angles that are found in the range 76°-108° algherey is defined by Eq(12). The coefficient” can also be
taken to be equal to 90°. In this case the SbSits can be  gefined as a polarity coefficient but for the electronic tranfer
described by (6-n) Sb-S diatomic molecules and{3)  petween the central Sb atom and the two S atoms of the
S-Sb-S linear molecules. There are no interactions betweef_gp-s molecule. This coefficient varies from 0.4 to 0.6 as
these molecules which are found in three orthogonal direcqe sp-S distance increases from 2.5 to 3 A.

tions. The analytical expressions of the energy levels and The number of Sb B electrons can be written in terms of

wave functions can be easily derived for these simple molhe polarity coefficientsy’ and ¢’ from Egs.(9), (10), and
ecules. The electronic structure of a Sb-S molecule is forme 3):

by a pair of bonding/antibonding states resulting from inter-
actions between S@Band Sb P orbitals. The electronic Ng,(SH=3+3(a"—2a’)+n(a’ —a"). (15)
structure of a S-Sb-S molecule is formed by a nonbonding S P
3p state and a pair of bonding/antibonding states arisingrutting the expressior(d1), (12), and(14) in Eq. (15) yields
from interactions between SkpSorbitals and a combination an analytical but rather complex expression Roy,(Sb) in
of 3p orbitals of the two S atoms. The number of Sp 5 terms of the Sb coordination, the average Sb-S bond length
electrons is obtained from the SkpScontribution of the  and the free-atom energy values of Sb and S. This expression
bonding states since they are always found in the valencean be simplified by considering the small variations of the
band. We consider for simplicity that all the Sb-S bondaverage Sb-S bond lengthwithin each ShSunit (Table I).
lengths within a Sbg molecule are equal to the average The expressiongll) and(14) of the bond polarities are ex-
value d. In this caseNs,(Sb) can be evaluated from the panded in Taylor series aroudg=2.4 A (sum of the Sb and
contributions of the Sb 5 electrons of the Sb-S molecules, S covalent radjiin terms ofAd=d—d,. This gives for Eq.
Ns,(Sb)', and of the S-Sb-S moleculedls,(Sb)’. This (15
gives
Nsy(Sb)=(6—M)Nsp(Sb’ + (n—3)Nsy(SH".  (9) Nsp(Sb)~1.28-1.580d+n(0.12+0.08Ad).  (16)
The contribution of the diatomic molecules to the number of The second and third terms of the right side of this equation
Sb 5p electrons is given by have opposite signs. Sinckincreases by about 0.3 A as
increases from 3 to JTable Il) these two terms tend to
Nsp(Sh'=1—a’ (100  cancel each other. Evaluation of E{.6) for the different
. SbS, units of the antimony compounds gival,(Sh)= 1.6
with +0.1. Thus, the values of the Sb charg@$Sb)~1.4, are in
close agreement with those obtained by the tight-binding cal-
o = —2 , (11)  culations of Sec. (Table IV). This simple molecular model
V1+y shows that charges on Sb do not vary noticeably for the
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different compounds studied in this paper. This can be corably to Ns¢(Sb)’,which mainly depends on the contributions
related with the absence of significant variations for the Skpf the diatomic molecules. By using E¢L7) for the Sb-S
4dg, binding energy. molecules one obtains

The preceding molecular model predicts a population of
two 5s electrons on Sh, independently of the Sb coordination a?A?
because interactions involving the Sb 6rbitals have been [E,—Ess(Sb %"
neglected. The tight-binding calculations of Sec. V have . -
given similar results although a small decreaseNgf(Sb) '€ use Eq(3) for A and values of the tight-binding param-

ters given in Sec. IV. The ter@/[ E,— Es4(Sb)] does not
from ShS; to TI;SbS has been found and correlated to the® : . a =5s
observed increase of the Tésbauer isomer shifi. In order ~Vary noticeably with the Sb-S bond length and can be ex-

to clarify the influence of the local structural changes around®@nded in Taylor series at first order &kd=d—d,. This
the Sb atoms onto the variations ®&n analytical expression 91ves for Eq.(19)

2—Nsg(Sh)'~ (19

of Ns(Sb) is derived. Following the idea of Lefebweeal '® 2 Ne(Sh ~(0.024-0.013\ d)e—2-5d 20
we propose an evaluation B (Sb) for the Sb atoms of the 55(SD"=~(0. ' ) ' (20
SbS, molecules from a simple perturbation theory. The number of Sb § electrons for a ShS molecule,

Let us first calculate the number of Sks ®lectrons, Nss(Sb), is obtained from the contributions of the<{@)
Ns<(Sb), in a §-Sb-S linear asymmetric molecule. The Sb-S molecules given by E@20). For simplicity we con-
ppo interactions are writtei , 8, and thes po interactions sider that all the Sb-S interatomic distances within a ShS
A;,A,, where the indices 1 and 2 denote the Sbad molecule have the same average valusince they do not
Sb-S bonds, respectively. The zeroth-order approximatiorvary by more than 0.15 A. The number of Sb &lectrons is
to the molecular wave functions is obtained from the precedgiven by
ing molecular model. Thepo interactions are introduced b
ar?evaluation of the moIeF():uIar wave functions at first ord{ar. Nss(Sb)~2-(6-n)(0.056-0.01&l)e *<*°.  (21)

We obtain This expression shows that increases in the Sb coordination
5 5 numbern and in the Sb-S bond lengith both tend to de-
NeL(SD' = 2— a (B1A1—B2A») 17 creaseNs(Sh). In addition,Ns,(Sb) is strongly dependent
5s [Ea—Es«(Sb1? B? on the Sb coordination numberwhich varies from 3 to 5

, and to a lesser extent on the average Sb-S bond lahgth
with which varies by less than 0.15 A. Considering for simplicity
thatd=2.5 A, we obtain

5 1/2
=l A Nis(Sb)~1.890+ 0.018. (22)
B ) 2 For a crystal, the number of Sks®lectrons is obtained by
Ea=Esp(SH—By+B(y"+1)™, averaging the values dfi-(Sb) obtained by Eq(22) over
the different Sb sites. This gives the same expression as Eq.
_ Es5p(SH—E5p(S) (22) but with the average Sb coordination numbgy given
v 2B ' in Table Il instead oh. From SBS; to TI;SbS n,, is found
to decrease from 4 to 3 leading to a decreasNaf{Sh)
32:[;%,3%' from 1.962 to 1.946. These values are greater than those

obtained from the tight-binding calculations of Sec(Table
Considering the exponential bond-length dependence of the/) by about 0.02 electron but the same trend is observed
hopping integrals\ and 8 given by Eq.(3), it can be shown except for TISbS which has the same average coordination
that a/[E,— Es¢(Sb)] varies slightly with the Sb-S bond as ShS;. This can be due to the simplicity of the present

lengthd and that molecular model. However, this calculation clearly shows
6(ds—d/d that the observed main trends in the variations of thes$4o
2—Ngg(Sh)' ~1—ebldimd2V/do, (18 bauer isomer shift and the surface of the first XAS peak,

which both strongly depend dxs(Sb), can be roughly ex-

whered, andd, are the bond lengths of the S-&nd Sb-5 plained by the changes in the Sb coordination number.

molecules, respectively, arty=2.4 A is the sum of the Sb
and S covalent radii. Fod;=d, Eqg. (18) shows that
Nss(Sb) is equal to 2, indicating that in this case the
S$-Sb-S molecules do not contribute to changes in It has been shown in Sec. V that the $32 binding
Nss(Sb)'. Ford;#d, the contribution of the 8Sb-S mol-  energy decreases from & to Tl,S consistently with the
ecules to 2Ns,(Sb)’ increases with the asymmetry of the decrease of the average sulfur charges evaluated by tight-
molecules. If the difference betweeh andd, is greater binding calculationgincluding or not including TI-S interac-
than abou1 A the influence of the most distant S atom cantions). In order to relate these changes to the local environ-
be neglected and the molecule is equivalent to a diatomiments of the S atoms, we propose a molecular calculation
molecule. For distances smaller tha A the contribution of ~ with the same basic approximations as in Sec. VI A. We only
the asymmetric SSb-S molecules is found to be always considerppo interactions between S and Sb nearest neigh-
smaller than that of the Sb-S molecules of the same,SbSors and the Sh-S-Sb angles are taken to be equal to 90°.
unit. Thus, the $Sb-S molecules do not contribute notice- Interactions with Tl atoms are neglected and these atoms are

B. S atoms
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S-Sb moleculesN3(S)’, and of then’ S-Sb-S molecules,
Sy N3,(S)”, and from the contribution of the Sp3electrons to
' the nonbonding states:-62n. If we consider for simplicity

that all the Sb-S bond lengths within a $Sh molecule
Sbs have the same average bond lendthwe obtain

Ngp(S)=6—2n+(n—n")Ngp(S)' +n'N3o(9" (23

S— —_— .
Sb S with

Sy N3y(S)' =1+a’, (24)

5,

N3u(S)"=2— ,

FIG. 13. Schematic description of the local environments of the 3l 2+ ¥+ y(y*+2)"?
S atoms for the crystalline phases of the,®bT1,S system. The
molecules are of the form Sg&,, with n<3 andn’=<n. Only, the
SSkS; molecule is shown for clarity. The other S&Q molecules
may be drawn from this figure by eliminating {31) Sb and
(3—n’) S atoms.

(25

wherea’ andy are given by Eq9(11) and(12), respectively.
As for the Sb$ units, we expand Eq$24) and(25) in Tay-
lor series aroundi,=2.4 A in terms ofAd=d—d,, which
depends on the environment of the S atdffiable VI). The
resulting first-order approximation to E(3) reads

assumed to be ionic (T). This approximation has a notice- A _ / _

able effect on the values of the S charges but not on their Nsp(S)~6-n(0.54-0.48d)+n'(0.21 O'Zmd)'(%)
variations as shown in Sec. V. Since there are no interactions

with the S 3 orbitals in the present model the S atoms haveThis expression shows that the number of § @ectrons
two 3s electrons in correct agreement with the tight-bindingincreases slightly with the average bond lengtiecause
calculations of Sec. V, which givlss(S)~1.96 electron for Ad=0-0.3 A) and decreases with the S coordination num-
the different compositiongTable IV). This can be explained bern and the number of S-Sb-S molecule’s The average

by the deep S 8 atomic level compared with the values of number of S ® electrons in a crystal is obtained by summa-
the other atomic levels involved in calculations. The evaluation of theN3,(S) over the different S environments given in
tion of the number of S B8 electrons N3,(S), requires the Table VI. By neglecting the variations dfover the different
determination of the molecules describing the S local enviSSKS, units of a crystal we obtain the same expression as
ronments. The S atoms are surrounded by less than three . (26) but with the average values,,,n}, and Ad,,=d,,
nearest neighbors. Because the Sb coordination number isd, instead ofn,n’ and Ad, respectively. These values as
greater or equal to 3 the other S atoms included in lineawell as the calculated values of the average S charges,
S-Sb-S molecules have to be taken into account. Thus, th@,/(S), are given in Table VI. Comparison between the S
molecules are of the form Sg8,,, wheren<3 is the S chargesQ’(S), obtained by the tight-binding calculations of
coordination number and’<n is the number of linear S- Sec. V without TI-S interactiongTable 1V) and Q.(S)
Sb-S molecules. A schematic description is given in Fig. 13hows a good agreeme(0.1 electrofn Thus, molecular
and the different S environments found in the materials studand tight-binding calculations provide similar variations of
ied in this paper are reported in Table VI. Because all thehe S charges which are consistent with the variations of the
bond angles are assumed to be proportional to 90°, there a8 2p5, binding energy. The present molecular calculation
no interactions between the §S) molecules. In addition, shows that the observed decrease in thepg,dinding en-

the SSRS,: molecules are formed by’ linear S-Sh-S mol-  ergy from SBS; to TI,S can be explained by the decrease in
ecules andrf—n’) S-Sb molecules in three orthogonal di- the average S coordination numbgg, which is the leading
rections. The electronic structure of the §§b moleculesis parameter in Eq(26). However, it is clear that the partial
formed by the molecular levels of the noninteracting S-Shcovalent character of the TI-S bonds, which are not taken
and S-Sb-S molecules. Thusg,(S) can be evaluated from into account in this simple model, tends to reduce this effect
the S 3 contributions to the bonding states of the{n") as shown in Sec. V.

TABLE VI. Structural information for the molecular calculation of the chargeSo®,(S). The average
Sb-S interatomic distancém A) and the numbers of SS8, molecules(in parenthesgsare given for the
different crystalline phases. The values of the Sb-S interatomic distancasd n’ averaged over the
different SSRS,. units are given by,,, n,,, andn;,, respectively.

SShS,  SShS  SShS,  SShS,  SSRS,  da  Na Ny QadS)

SbS; 2.46(1) 271(2 263 267 133 -1.03
TISbsSg 249(8) 2.63(5 2.64(1) 2.70(2 257 219 063 -1.09
TISh;Ss 252(3) 2.64(2 257 2 045 -1.14
TISbS 2.66 (4) 266 2 1 —1.30

TI,ShS 2.44(1) 244 1 0 —1.48
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VII. CONCLUSIONS Sh,S; to TI;ShS have been explained from the decrease of

The electronic properties of the crystalline phases of théh€ Sb coordination number. The variations of the iy
Sh,S,-T1,S system have been studied by XPS anssbmuer inding energy have been found to be very s_mall because of
spectroscopies. These results as well as previous results onﬁ-e opposite influences of the Sb coordination _number and
tained by S K8 XES and XAS have been explained from t_e _Sb—S bond lengths. The observed decrease in theys 2
tight-binding calculations that take into account the real andinding energy from i to Tl;Sb$ has been related to the
complex structure of the materials. The main features of thd€crease of the average S coordination number. Thus, tight-
XPS valence bands and XES spectra have been analyzed f#1ding calculations and molecular models provide a coher-
terms of atomic orbital contributions. The variations of the €Nt Picture of the observed main trends in the variations of
XPS core levels, thé2iSh Massbauer isomer shift and the the electronic properties of the crystalline phases of the
XAS prepeak surface have been correlated to changes in theSs T12S system.
calculated numbers of valence electrons. It has been shown
that the 12!Sb Mossbauer isomer shift and the surface of the
XAS prepeak at the Sh),, edge can be linearly correlated
because they both strongly depend on the number ofsSb 5 The research was performed under a European Research
electrons. Simple molecular models have been proposed tdetwork ProgramméGDRE) “Chalcogenides” initiated by
relate the experimental data to the local structure. The obthe Centre National de la Recherche Scientifigaencs.
served increases in th&'Sbh Mdssbauer isomer shift and in We also acknowledge the support of the Centre National
the surface of the XAS prepeak at the 8f edge from  Universitaire Sud de CalcyFrance.
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